quantity proportional to the concentration of the target analyte. The selectivity of the biosensor is predominantly determined by the biological or biochemical sensing element, which may recruit from single proteins and enzymes up to whole cells and microorganisms. [2] [3] [4] [5] [6] Enzymes are among the most commonly applied recognition elements because of their high chemical speci city and inherent biocatalytic signal ampli cation. Recent progress in biosensor technology has mainly been achieved by application of microsystems technology and novel biomimetic or biological recognition elements (e.g., recombinant antibody fragments, molecularly imprinted polymers, etc.).
Miniaturization and integration of biosensors utilizing on-chip technology have been successfully demonstrated. 7 However, investigation of complex biological systems and molecular biological interactions (e.g., at cell surfaces) requires measurement of multiple speci c parameters correlated in space and time ideally at a nanometer scale. Hence, besides miniaturization of the transducer and sensing interface, positioning of miniaturized sensors in close proximity to the sample surface and laterally resolved measurements are of particular interest. Improvements in functionalizing sensor surfaces 8 along with advancements in microfabrication 9 allow development of highly integrated miniaturized biosensors. The ability to position and accurately scan these devices across a sample surface results in laterally resolved information essential for the monitoring of localized events at individual reaction sites. 10 Scanning probe microscopy (SPM) techniques are gaining increasing importance in the understanding of molecular biological interactions, providing optical, topographical, and chemical information with high spatial resolution dependent on the speci c interaction between the sample surface and the probe scanned in close proximity across the sample. [11] [12] [13] Since the introduction of scanning tunneling microscopy (STM) in 1982, 14 derived techniques such as atomic force microscopy (AFM), near-eld scanning optical microscopy (NSOM), scanning ion conductance microscopy (SICM), and scanning electrochemical microscopy (SECM) have successfully been applied to probing of biologically active surfaces. Depending on the involved tip-sample interaction, each technique shows limitations concerning the obtained information. As an example, SECM is an attractive technique utilizing microor submicroelectrodes for probing bioactivity based on redox chemistry. However, this technique is frequently limited in lateral resolution in comparison with, for example, STM, which allows imaging of individual atoms and molecules. In contrast, STM is limited to the investigation of conducting substrates. AFM with a sharp tip mounted on a exible cantilever probes mechanical properties and topological features, resulting in surface pro les (topography) with submolecular resolution. The lack of information on the surface chemistry obtained with nonmodi ed probes has been a major drawback of this technique. Since the introduction of tapping-mode imaging in 1994, 15 AFM has attracted remarkable attention for the investigation of soft biological samples. Substantial progress in combining AFM with surface chemistries for tip functionalization has added chemical speci city to the topographical information obtained. Hence, AFM has matured from a highresolution imaging instrument to a device capable of detecting and quantifying single molecular forces under ambient conditions. Standard immobilization strategies include the formation of functionalized thiol or silane monolayers, biotin-streptavidin interactions, or dextrane gel immobilization, which are well-established techniques derived from biosensor technology 16 and are readily adapted for tethering biological recognition elements to the scanning probe tip. Alternative to direct tip modi cation, the combination of complementary scanning probe techniques, such as AFM/NSOM, AFM/STM, and AFM/SECM, can provide extended information on the in-vestigated sample surface chemistry. As an example, amperometric biosensors based on common electrochemical transduction principles can be integrated into bifunctional SECM-AFM probes, providing laterally resolved information on bioactivity simultaneously with submolecular resolution in topography. 17 This review highlights selected recently developed principles and examples of cantilever integrated scanning biosensors and scanning electrochemical enzyme microelectrodes.
CANTILEVER-BASED SCANNING BIOSENSORS
The atomic force microscope invented in 1986 18 has developed into a routine tool for biological investigations. 19, 20 The ability to operate in liquid environments and especially at physiological conditions makes AFM a versatile tool for studying the native structure of biological material. [21] [22] [23] High lateral resolution at the nanoscale has been achieved during investigation of topological changes at the surfaces of living cells. [24] [25] [26] Furthermore, AFM has been used to investigate structural [27] [28] [29] and mechanical [30] [31] [32] properties of individual proteins and for real-time probing of proteinprotein interactions. 33 Direct observation of enzyme activity has been described by detecting height uctuations of the cantilever above the protein lysozyme adsorbed to a mica surface. 34 Excellent reviews on the application of AFM for biological systems have recently been published. 19, 20 
Immobilizing Biorecognition Elements at Scanning Probe Tips
Chemical functionalization of AFM tips extends the information space obtained by conventional force microscopy. Enhanced speci city is achieved by controlled modi cation of the scanning probe tip and measurement of the interaction forces between the modi ed tip and the sample surface. Successful experiments require controlled tip surface modi cation, ensuring rmly anchored biomolecular recognition elements. Although strong adhesion is required, loss of catalytic enzyme activity induced by conformational distortion during the immobilization process has to be avoided. Hence, many coating strategies derive from procedures well established for transducer surface modications utilized for biosensing devices. Thiol chemistry at gold surfaces and silane chemistry at activated silicon surfaces are common functionalization techniques for chemical modi cation of cantilevers. 35 Alkyl thiols with functional terminal groups form self-assembled monolayers by chemisorption on gold sputtered cantilevers, enabling subsequent attachment of receptor molecules at the SPM tip surface. Similarly, silane monolayers can be formed at the surface of silicon cantilevers, which are activated by UV/ ozone treatment, resulting in a high density of reactive surface hydroxyl groups. Alternatively, lipid bilayers or poly- mers grafted to the SPM tip can be used for immobilization of biomolecular recognition elements. Detailed procedures and strategies for chemical cantilever surface modi cation are reported elsewhere. 36 
Force Spectroscopy and Imaging of Molecular Recognition Events
A schematic representation of the tip-substrate modi cation used for the determination of rupture forces of individual molecules is given in Figure 1A . Figure 1B schematically depicts the behavior of the resulting force curve in a force spectroscopic experiment. As long as the tip remains far from the surface no interaction forces are recorded (1) . When the surface is approached in this idealized experiment, a single biomolecule at the apex of the surface-modi ed AFM tip interacts with a complementary molecule at the tip. Lateral force mapping [49] [50] [51] provides simultaneous information on topography and ligand-receptor interaction. However, both temporal and lateral resolution of this technique is limited. In contrast, force-recognition imaging permitted by the combination of dynamic force microscopy 52 with force spectroscopy allows determination of receptor sites with an accuracy at the nanometer scale and at scan velocities comparable to conventional topography acquisition modes. 53 An antibody for lysozyme was tethered to the AFM tip and used for imaging lysozyme molecules immobilized at a mica surface with high resolution, utilizing a magnetically oscillated AFM mode ("MacMode"; Molecular Imaging, Phoenix, AZ). The temporal progression of the experiment is shown in Figure 2A . In Figure 2B , the lysozyme molecules are clearly distorted, owing to force recognition. With the addition of excess lysozyme to the solution, the antibody at the tip is blocked, as indicated in Figure 2C , and sample surface (2) . Upon retraction of the tip, the restoring force of the cantilever is initially balanced by the adhesive force (3) until the bond of the molecular pair is ruptured (4). The measured force at this point represents the rupture force of the bond formed between the recognition elements. Ideally, localized detection of single molecular bonds between two individual molecules is enabled with this technique. The rst example of direct observation of a single bond rupture of a distinct streptavidin-biotin complex was independently reported by the groups of Gaub 37 and Colton 38 in 1994. Extensive reviews on single-molecule force spectroscopy have recently been published. [39] [40] [41] [42] Selected examples of single-molecule force spectroscopy using a variety of receptor-ligand systems are highlighted in Table I .
Inasmuch as structure-function relationships play a key role in the biosciences, their simultaneous detection is a promising approach yielding enhanced insight into the regulation of cellular and other biological mechanisms. Binding of ligands to receptors is among the most important mechanisms in biological processes, frequently triggering signaling pathways and cascades. In molecular recognition force microscopy (MRFM), the dynamics of the experiments are varied, yielding information on the molecular interaction characterizing ligand-receptor binding and dissociation. With this method, af nity constants, rate constants, and energy barriers have been estimated and the bond widths of binding pockets have been determined. [43] [44] [45] [46] Furthermore, the opportunity of mapping binding energy landscapes is provided. 47, 48 In MRFM, receptor binding sites are localized by molecular interaction with a ligand tethered to the AFM Figure 2 . Force-recognition imaging with (a) an antibody to lysozyme tethered to the AFM tip scanning in liquid over a surface of immobilized lysozyme molecules. A low concentration of lysozyme is added to solution. As long as the antibody on the tip has not bound free lysozyme from solution (I), it is reacting with surface-bound lysozyme molecules, resulting in distortion of the images due to recognition (visible in (b) and part of (c)). The black arrow (image c) marks when the antibody on the tip has bound solution lysozyme, and the image in part of (c) and all of (d) switches from recognition to topographic imaging. Reprinted with permission from Ref. 53 a clearer image of the lysozyme-decorated surface appears and is ultimately completely restored in Figure 2D . Another example of molecular recognition of an antibody by a membrane protein is shown in Figure 3 . 54 The antibody is linked to the tip of the probe by a exible spacer using covalent bonds. Brush border membrane vesicles (BBMV) were adsorbed to a gold surface and imaged with dynamic force microscopy. The AFM tip was modi ed with anti-g-GT antibody against the antigen g-GT (g-glutamyltranspepidase) present at the BBMV. At lateral positions where membrane vesicles were identi ed the x-y scan was stopped and force distance cycles were recorded as shown in Figure 3A . When the antibody at the tip binds to an antigen at the surface, an attractive force develops during further retraction, since the tip is physically connected to the surface. The attractive force develops in a delayed and non-linear fashion re ecting the stretching and the non-linear spring constant of the exible tether covalently coupling the antibody to the AFM tip. This signal has a distinct shape and re ects the recognition event of a single antibody-antigen pair. 43, 44 During the control experiment in Figure 3B all g-GT sites at the BBMV surface are blocked by anti-g-GT antibody added to the solution. Hence, no recognition events are recorded.
AFM has been used as a tool to simultaneously study morphology changes and the presence of extracellular ATP at living cells with the use of a biosensing layer immobilized on the cantilever. 55 Myosin-functionalized cantilevers were used to quantitatively detect ATP in solution during AFM tapping-mode imaging of living cells. A schematic view of the measurement principle is given in Figure 4A -C. After ATP binding to the myosin subfragment S1 immobilized at the AFM cantilever, ATP hydrolysis occurs. During hydrolysis, a conformational change of the enzyme occurs (in the dimensional range of approx. 10 nm). 56 This conformational change disturbs the interaction between the tip and the cell surface and causes a measurable de ection ( Figure 4D ). Modi ed cantilevers were used to scan the surface of cultured cells, demonstrating that the CFTR1 cell line (S9) had a basal surface ATP concentration, which could be determined with AFM tip integrated biosensors for the rst time.
Very recently, chemically modi ed probes were applied to investigate the surface charges of living cells. 57 AFM measurements utilizing carboxyl-terminated tips were used to probe the electrostatic properties and, more speci cally, the isoelectric point of microbial cell surfaces with high spatial resolution. Functionalization of the surfaces was validated by recording multiple force-distance curves between modi ed probes and model substrates. Furthermore, carboxyl-terminated probes were used to record multiple force-distance curves at various pHs at the surface of Saccharomyces cerevisiae cells. Adhesion force maps dependent on the pH were created by recording multiple (n 5 256) force-distance curves and calculating the adhesion force for each force curve.
To summarize: force recognition imaging has developed into a powerful tool for high-resolution studies of molecular recognition events and for probing dynamic properties of biomolecules at physiological conditions. Ongoing progress in instrumental development and improved recording techniques has continuously added to the relevance of force recognition imaging for in situ investigation of biological specimens.
SCANNING ELECTROCHEMICAL MICROBIOSENSORS
The importance of amperometric biosensors is steadily increasing because of the combined advantages offered by the selectivity of biological recognition elements and the well-established principle of electrochemical transduction. The key element for the design of any sensor architecture is the immobilization of the speci c biological recognition element. Common sensor architectures include enzymes immobilized at the transducer surface. In the case of an amperometric biosensor, this surface usually resembles a noble metal or carbon electrode.
Immobilizing Biorecognition Elements at Microelectrodes
For control of the immobilization process during modication of electrode surfaces, reproducible procedures are preferable, especially for the development of miniaturized biosensors. Most commonly applied electrode surface modi cation techniques include screen-printing techniques 58 in combination with photoinduced cross-linking, 59 spin-coating followed by photolithographic structuring and lift-off, 60 the electrochemically induced formation of enzyme-containing polymer lms using electrophoretic accumulation, 61, 62 deposition of conducting polymers, [63] [64] [65] and covalent binding of enzymes through functionalized thiol chemistry. 66 In particular, electrochemical techniques permit speci c modi cation of electrode surfaces with high reproducibility. Enzyme entrapment within electrochemically deposited polymer matrices is well described in the literature and allows directed modi cation of electrode surfaces. 64, 67, 68 Recently, successful immobilization based on electrochemically induced, localized precipitation of enzyme-containing polymer suspensions has been reported. 69 Most reports of applications of amperometric biosensors describe accurate and reproducible determination of analytes in bulk experiments, with only a few examples of scanning microbiosensors.
REVIEW

Biosensing with Scanning Electrochemical Microscopy
Laterally resolved information at a submicrometer scale was added to electroanalytical chemistry with the invention of scanning electrochemical microscopy (SECM). [70] [71] [72] This method provides spatially resolved electrochemical information on interface processes by combining electroanalytical techniques with the principle of scanning a microelectrode in close vicinity across the sample surface. SECM is an in situ technique, based on surface induced changes of a Faraday current, which is measured at a scanned and biased ultramicroelectrode (UME). The hemispherical diffusion of a redox species in solution toward the UME is disturbed by the sample surface chemistry in close proximity to the microelectrode. Commonly, imaging in SECM is achieved in feedback mode operation with redox species arti cially added to the solution. The Faraday current measured at the UME is mainly inuenced by the reactivity and morphology of the sample, the distance between tip and sample, and the size and geometry of the ultramicroelectrode when the electrode is in close proximity (a few electrode radii) to the sample surface. In conventional SECM experiments, the UME tip is scanned in constant height above the sample surface. In principle, two modes of SECM are used for imaging applications: the feedback mode 73 and the generation/collection (G/C) mode. 74 Functional schemes of both SECM operation modes are shown in Figure 5 . The feedback mode is based on the Faraday current resulting from the oxidation or reduction of a mediator species at the UME tip with the application of a potential. In bulk solution after reaching steady state, the Faraday current recorded at the UME remains constant ( Figure 5A, a) . Approaching an insulating surface with the UME results in blocked hemispherical diffusion to the active electrode surface (negative feedback), as shown in Figure 5A , c. In contrast, approaching a conducting or electrochemically active surface leads to positive feedback due to locally increased mediator concentration induced by surface recycling effects ( Figure 5A, b) . This technique is widely used for investigating processes at solid/liquid and liquid/liquid interfaces. 75 Most investigations of biological samples are performed in the G/C (substrate generation/tip collection or tip generation/substrate collection) mode, with the tip signal arising from a species generated at the sample surface ( Figure 5B ). The tip acts as a sensor establishing concentration maps of individual electroactive species near the sample surface.
In conventional SECM, positioning of the microelectrode is achieved by recording the Faradaic current measured at the UME as the tip approaches the surface. Usually, theoretical calculations of approach curves for different electrode geometries are tted to the experimentally obtained data and used to determine the distance between the UME and the sample surface. 76 However, the current signal can be used only for amperometric electrodes. Consequently, non-
sitioning of the microelectrode in common operation modes is a major drawback of SECM in comparison with AFM or STM. 83 Scanning the electrode in constant height across the sample surface results in a convolution of the electrochemical response and the topographical information, especially if the sample topography and the surface reactivity are unknown. Furthermore, risk of damage to the UME and/or the sample surface increases with decreasing diameter of the SECM tip to the submicron scale or nanometer scale because of the electrode size-dependent working distance. Consequently, any progress toward improved lateral resolution and positioning of nonamperometric submicroelectrodes and nanoelectrodes (e.g., micro-and nanobiosensors) has to address current independent positioning strategies ensuring precise control of the tip-sample distance.
Positioning of Electrochemical Microbiosensors with the Use of Shear Force-Based ConstantDistance Mode
In NSOM, shear force-based positioning of optical ber tips with the use of optical detection systems 84, 85 or nonoptical detection based on a tuning fork resonator 86, 87 has been described. The rst successful integration of a shear forcebased optical feedback mechanism into SECM using a exible ( ber-shaped) vibrating UME was published in the mid1990s. 88 Recently this technology has been adapted to a variety of microelectrodes. 89 A ber-shaped UME is vibrated at its resonance frequency, with a piezoelectric tube used for agitation ( Figure 6A) . A laser beam is focused on the tip of the UME, creating a Fresnel diffraction pattern, which is projected onto a split photodiode. The vibration amplitude of the electrode is monitored by phase-sensitive ampli cation of the difference signal at the split photodiode with respect to the agitation signal, with the use of lock-in techniques. Surface shear forces increase because of hydrodynamic effects in close proximity to the sample 90 and lead to amplitude damping and a phase shift of the vibration. With this information, a feedback loop with a de ned set point for amplitude damping can be integrated into the SECM software routine, thereby maintaining a constant distance between the tip and the sample surface during scanning across a sample with variable topography.
An alternative method combining the shear force mode based on a tuning fork technique with SECM for current independent positioning of ber-shaped electrodes has been described in the literature. [91] [92] [93] [94] In these contributions, the SECM tip is attached to a tuning fork resonance detection system of a commercially available NSOM. The UME is attached to the leg of a tuning fork driven by a piezoelectric tube. At resonance, the movement of the legs of the tuning fork generates an oscillating piezoelectric potential, which is proportional to the amplitude of the oscillation. Again, the synchronized signal derived with lock-in techniques is used as the feedback signal by the NSOM controller. Recently a highly sensitive, nonoptical shear force distance control for amperometric tips, such as biosensors, require alternative tip positioning strategies during SECM experiments. Utilizing optical microscopy for tip positioning yields only qualitative results. 77 Few approaches have been reported for the application of potentiometric UMEs [78] [79] [80] [81] and enzyme UMEs. 82 Horrocks et al. 78 used antimony SECM electrodes also operating in amperometric mode for positioning of the tip prior to pH mapping. Wei et al. 79 introduced positioning techniques based on dc measurements of the solution resistance with Ag/AgCl micropipette electrodes or potentiometric measurements of steady-state concentration pro les using ion-selective microelectrodes providing the tipsample distance. Furthermore, potentiometric UMEs with a dual-electrode con guration are reported, where one channel is con gured as an ion-selective electrode and the second channel as an amperometric electrode for distance control during UME approach. A hydrogen peroxide microbiosensor was positioned by the application of a highfrequency alternating potential to the tip and measurement of the solution resistance between the tip and the auxiliary electrode. 82 Although good agreement of the experimentally obtained data with theory has been achieved, this approach is limited to micrometer-sized sensors, because the relative contribution of the solution resistance to the impedance decreases with decreasing dimensions of the sensor.
The lack of lateral resolution due to current dependent po- SECM tips based on piezoelectric shear force distance control was developed, simplifying shear force-controlled constant-distance SECM.
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Shear force-based constant-distance SECM with optical detection has already been applied for positioning of microbiosensors. 89 Glass capillaries (inner diam. 10 mm) have been lled with a polymer hydrogel containing either glucose oxidase or glucose dehydrogenase. The enzyme electrodes were positioned with the use of optical shear force control and scanned over a 50-mm Pt electrode in the case of the glucose oxidase biosensor and over a poly-(methylene blue)-modi ed microelectrode in the case of the glucose-dehydrogenase-lled capillary. The involved reaction schemes (A) and the obtained SECM images of the reactive spots imaged with the microbiosensors (B) are shown in Figure 7 .
To date few results have been published on nanoelectrodes in SECM experiments. High-resolution SECM imaging requires reproducible fabrication of nanoelectrodes by microfabrication techniques. In addition, it is still dif cult to determine the exact distance between the electrode and the sample surface by SECM operation in constant-distance and constant-height mode. Distance calculations are frequently based on assumptions, such as ideal electrode geometries. However, these are dif cult to realize for nanoelectrodes fabricated by conventional techniques, such as the use of laser pipette pullers. 96 In turn, quantitative studies on electrode processes require precise knowledge of the absolute distance between tip and surface and demand reproducibly fabricated electrodes and accurate control of a deliberately de ned electrode working distance.
AFM TIP INTEGRATED ELECTRO-CHEMICAL MICROBIOSENSORS
Recent developments focused on the combination of AFM and SECM enable positioning of the UME independently of the current response during simultaneous high-resolution AFM imaging. AFM probes with integrated electrochemical sensing capabilities provide a versatile tool with inherent correlation of structural information with (electro)chemical surface activity at excellent lateral resolution.
97 Figure 8 shows schematics of two different concepts for the combination of AFM with SECM, published by Macpherson et al. 98, 99 and Kranz et al. [100] [101] [102] [103] [104] The rst approach of combined SECM-AFM imaging in liquid utilizes bent Pt-wire nanoelectrodes shaped like AFM cantilevers ( Figure  8A and B) . 98, 99 Although excellent spatial resolution for the electrochemical response can be achieved, imaging with these cantilever-shaped electrodes in contact mode is limited to robust, nonconducting samples because of the contact of the cantilever-shaped nanoelectrode and the sample surface. Since the electroactive area is located at the very end of the tip, conducting samples have to be investigated by lift-mode imaging. 99 However, this requires scanning the sample surface twice. First, the topographical information is recorded in contact mode operation, followed by a second scan using the recorded topographical information to keep the tip at a de ned distance from the surface, tracing the sample contours. the very end of the original AFM tip. Figure 8 shows a schematic cross section of an integrated AFM-SECM tip (C) and FIB images of an integrated frame submicroelectrode (D, E). Because of the resolution of the beam provided by FIB systems, integration of submicrometer-and nanoelectrodes can be realized, 100, 103, 111 although, the electrode size demonstrated with bent Pt wire electrodes could not yet be achieved. So far, disc-shaped integrated nanoelectrodes with diameters down to 150 nm have been successfully fabricated with the described technology. 112 Based on the described technology for the combination of AFM and SECM, SECM functionality can be integrated into any standard AFM with only minor modi cations of (frequently) already existing AFM instrumentation. The electrochemical response is inherently correlated with the topographical information obtained by AFM imaging. Thus, complete separation of simultaneously obtained topographical information and electrochemical information is achieved, maintaining superior resolution of the topographical information. With this technique, positioning of nonamperometric electrodes down to the nanometer regime can be realized.
The application of integrated AFM-SECM tips for tapping-mode AFM operation has recently been demonstrated. 113 Despite modi cation during tip fabrication, the resonance frequency of the unmodi ed silicon nitride cantilever is not signi cantly shifted, which has been conrmed by comparing frequency spectra of unmodi ed and modi ed cantilevers. The oscillation amplitude of a few nanometers is small compared with the diameter of the integrated electrode (usually 300-800 nm). It has been shown that the current response of the integrated electrode in SECM feedback mode is not significantly influenced by the oscillation amplitude of the combined SECM-AFM cantilever. Electrochemical images recorded in tapping mode revealed current response and lateral resolution comparable to the electrochemical images obtained in contact mode. 113 AFM tip integrated electrodes have been applied for imaging enzyme activity in tapping-mode operation (Figure 9) . 112 Enzyme activity of glucose oxidase (GOD) entrapped in a soft polymer matrix deposited inside the pores of a periodic micropattern has successfully been imaged in AFM tapping mode and SECM generationcollection mode. In the absence of glucose, the current recorded at the electrode during AFM tapping-mode imaging of the enzyme containing polymer spots is negligible (Figure 9A, topography; B, amplitude image) and reveals no electrochemical features ( Figure 9C ). In the presence of glucose, an increase in the current recorded at the integrated submicroelectrode is observed because of localized production of H 2 O 2 above the GOD-containing polymer spots ( Figure 9F ). The topography ( Figure 9D ) and amplitude ( Figure 9E ) images remain unaffected.
The presented approach of integrated SECM-AFM probes provides the opportunity to integrate and position Although several approaches of combined AFM-SECM using such bent cantilever-shaped nanoelectrodes have been published, [105] [106] [107] to date none of these reported measurements in AFM tapping mode are due to the variation in spring constant of these hand-made tips. AFM tapping mode is a versatile technique for topographical imaging of soft sample surfaces as encountered during investigation of, for example, biological systems. 15 During tapping-mode operation the probe gently taps the surface while resonating at or near its resonance frequency. A signi cantly reduced tipsample contact time results in minimized frictional forces, avoiding damage of soft samples, such as biological species or polymers. [108] [109] [110] An alternative approach combining AFM and SECM has been described by our research group based on integration of submicro-and nanoelectrodes into atomic force microscopy tips with the use of microfabrication techniques ( Figure 8C-E) . [100] [101] [102] [103] [104] Electrodes with a variety of well-de ned geometries can be integrated into AFM tips at an exactly de ned distance above the apex of the AFM tip, simultaneously obtaining electrochemical information at a precisely de ned working distance during AFM imaging. During tip fabrication a conventional silicon nitride AFM cantilever is coated with an electroactive conducting layer (usually gold or platinum) and is subsequently insulated with materials such as Si 3 N 4 or parylene C. Three-dimensional focused ion beam (FIB) milling permits reproducible exposure of an electroactive area integrated above micro-and nanobiosensors at a well-de ned and deliberately selected distance above the sample surface. Standard surface modi cation processes for biosensors as previously outlined in this review can be used to immobilize biological recognition elements at the surface of the integrated electrode (Figure 10 ). With the use of electrochemical techniques, the site of immobilization is con ned to the electrode surface, providing highly localized and reproducible integration of a biosensing interface. 64, 65, 67, 68 With the immobilization of enzymes via self-assembled thiol monolayers with reactive headgroups, 114 conversion of electroactive and -inactive species generated at the sample surface is enabled. Figure 11 illustrates simultaneously recorded topographical and electrochemical images obtained with a tipintegrated biosensor. The biosensor is based on horseradish peroxidase immobilized at the electrode surface of the integrated SECM-AFM probe ( Figure 11A ). The peroxidase activity was imaged in tip generator/substrate collector mode of SECM (see also Figure 11B ,b) during contact-mode AFM operation. The enzyme was immobilized by chemisorption of a functionalized thiol monolayer (cystaminium chloride) to the tip-integrated gold microelectrode. Peroxidase was attached by the addition of a mixture of glutaraldehyde and peroxidase, resulting in a miniaturization of biosensors. However, only a few approaches have been reported that use scanning micro-or nanobiosensors to obtain laterally resolved (bio)chemical information. Using shear force modes in combination with SECM permits positioning of nonamperometric sensors. Improvement of the achievable lateral resolution by decreasing the dimensions of the applied sensor is the focus of ongoing research in this eld. Fiber-based optical microbiosensors in combination with NSOM techniques might be an alternative future concept for obtaining laterally resolved information on bioactivity. AFM tip-integrated biosensors provide a promising concept combining advantages of various techniques in a single microfabricated probe. High reproducibility of the fabrication process and the potential of miniaturization down to the nanometer scale make them a versatile tool for future applications for probing a wide range of biological substrates and processes.
Among the major drawbacks of biosensors in general are signi cantly increased response times of enzyme-modi ed electrodes compared with direct electrochemical detection. Many biologically relevant processes (e.g., exocytotic events) relay signals in intervals of milliseconds. Electrodes have been fabricated that can detect neurotransmitters with response times of 300 ms. 118, 119 However, response times less than 100 ms are needed to accurately quantify dynamics at the cellular level and less than 10 ms to examine exocytosis of nonelectroactive neurotransmitters. However, it has been demonstrated that the temporal resolution achievable with biosensor systems scales in favor of the proposed technology with device miniaturization. 120, 121 As an example, response times on the order of 85 ms have been reported for a glucose-speci c biosensor with an electrode diameter decreased to the submicron range. 122 As recently demonstrated by our research group, disc electrodes with diameters below 200 nm can be integrated into AFM tips by microfabrication techniques. 112 It is expected that surface modi cation of such nanoelectrodes as outlined in this contribution will result in a further decrease in the integrated biosensor response time. With a realistic perspective of measurements in the time domain of microseconds, suitability for investigation of biological processes is evident.
With the development of multifunctional scanning probes with tip-integrated biosensors, a versatile analytical tool for the investigation of complex biological systems has been realized. AFM cantilever-based biosensors provide an excellent concept for simultaneous detection of topographical and chemical information at the surface of biological species with high lateral resolution. With the integration of an electroactive area into AFM cantilevers, enabling subsequent surface modi cation and leading to biosensor functionality, an extension of this concept is presented for detecting electroactive and -inactive species generated at the sample surface. Accurate positioning and scanning of nanobiosensors at a de ned distance above the sample allows quanti cation of kinetic bioprocesses at the surface-grafted cross-linked protein gel at the aminated surface of the self-assembled monolayer covering the integrated electrode. The electrochemical signal generation is based on the following enzyme catalyzed reactions: (1) H 2 O 2 is reduced to water by the oxidoreductase peroxidase, and (2) a metal organic electron donor for the enzymatic reaction (hydroxyl methyl ferrocene, FMA, containing Fe 21 ) added to the solution is oxidized during the enzymatic conversion to ferrocinium methylhydroxide (FMA 1 , containing Fe 31 ). The electroactive by-product of the enzymatic reaction FMA 1 diffuses to a microstructured electrode array, which was used as a model sample. The microstructured electrode array is biased at a potential of 50 mV vs. Ag/AgCl. At this potential only FMA 1 and no other species in solution is reduced. Hence, information on the local (electro)chemical activity ( Figure 11B,b) with respect to the position of the tip-integrated biosensor is provided ( Figure 11B ,a topography). Comparison with the control experiment in the absence of H 2 O 2 ( Figure 11B , c topography, B, d electrochemical image) demonstrates the successful integration of a biosensor into a SECM-AFM probe and simultaneous activity imaging during AFM measurements. 17 The presented technique is by no means limited to the integration of biosensors and can be extended to potentiometric sensors, such as pH microsensors or amalgam electrodes. Many biological processes, including enzymatic reactions, biocorrosion, and metabolic processes of microorganisms involve or are driven by pH changes. Hence, simultaneous AFM imaging and mapping of local pH modulations is of substantial interest. For example, antimony and iridium/iridium oxide electrodes have been reported for electrochemical pH measurements of biological systems. [115] [116] [117] As thin lms of these materials can be sputtered, the fabrication steps described above for the integration of gold and platinum electrodes can be modi ed and optimized to integrate pH-sensitive electrochemical sensors into AFM tips.
CONCLUSIONS AND OUTLOOK
Cantilever-based (bio)sensors are versatile analytical systems for the investigation of biological species, as they can be used in solution and are capable of transducing a variety of different signals. Applications in force spectroscopy permit measurements at the level of single molecules. However, the limiting factor of this technique for imaging of biomolecules is its comparatively poor temporal resolution. However, ongoing instrumental developments and combination of AFM with complementary techniques will overcome these limitations in the near future.
Using enzymes as recognition elements in biosensors combines several advantages, including high speci city and selectivity. Recently advanced immobilization strategies and mass fabrication based on silicon technology allow sample surface with high lateral and temporal resolution. Given the exibility of the described concepts, there is considerable scope for extended use of multifunctional scanning probe systems probing a wide range of biological specimens and processes.
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